Abstract. Background Paclitaxel is an anticancer drug that inhibits calcium-induced depolymerization of tubulin and thus blocks the progression of mitosis (1). It is clinically applied for the treatment of ovarian, breast, stomach and non-small cell lung cancer (2, 3). When used clinically, it causes severe side-effects such as leucopenia. thrombocytopenia, neutropenia and fatigue (4) and anorexia and constipation (5). Patients who received platinum treatment with a taxane were more likely to experience grade 2 to 4 neuropathy (6). Paclitaxel has been reported to induce oxidative stress in liver (slight, but no significant decrease in glutathione in liver) (7). Considering many beneficial effects of antioxidants under optimal conditions (usually achieved by adopting lower doses that stimulate growth) (8, 9), prevention of chemotherapeutic drug-induced neurotoxicity by antioxidants has been actively studied in recent years (10, 11) .
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In order to search for substances that reduce neurotoxicity induced by paclitaxel, we first investigated whether nerve growth factor (NGF)-induced differentiating rat neuronal cells (used as neuron model) are also very sensitive to paclitaxel, like malignant cells. The possible protective activity of four antioxidants, docosahexaenoic acid (DHA), acetyl-L-carnitine hydrochloride (ALC), N-acetyl-L-cysteine (NAC) and sodium ascorbate, against neurotoxicity of paclitaxel was then investigated.
Materials and Methods

Materials.
The following chemicals and reagents were obtained from the indicated companies: Dulbecco's modified Eagle's medium (DMEM), human recombinant NGF, dimethyl sulfoxide (DMSO) and paclitaxel from Wako Pure Chemical Ind., Ltd. (Osaka, Japan); fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and doxorubicin from SigmaAldrich Inc. (St. Louis, MO, USA); 5-fluorouracil (5-FU) from Kyowa (Tokyo, Japan); docetaxel from Toronto Research Chemicals (Toronto, Canada); gefitinib from LC Laboratories ® (PKC Pharmaceuticals, Inc., Woburn, MA, USA); DHA, ALC, NAC, sodium ascorbate (vitamin C) from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). 96-Microwell plates were purchased from Techno Plastic Products AG (Trasadingen, Switzerland).
Cell culture. PC12, a cell line derived from a pheochromocytoma of the rat adrenal medulla (12) , was purchased from Riken Cell Bank (Tsukuba, Japan) and cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 units/ml, penicillin G and 100 μg/ml streptomycin under a humidified 5% CO 2 atmosphere. We previously confirmed that PC12 cells proliferated to a slightly higher cell density in DMEM than in mixed culture medium (DMEM+Ham12) and approximately 2-fold higher utilization rate of glutamine and essential amino acids was observed in DMEM (13) .
Human normal oral mesenchymal cells [human gingival fibroblast (HGF), human periodontal ligament fibroblast (HPLF) and human pulp cell (HPC)], established from the first premolar tooth extracted from the lower jaw of a 12-year-old girl (14) , and human oral squamous cell carcinoma (OSCC) cell lines [Ca9-22 (derived from gingival tissue;HSC-2, HSC-3, HSC-4 (derived from tongue)], purchased from Riken Cell Bank, were cultured at 37˚C in DMEM supplemented with 10% heat-inactivated FBS and antibiotics. Human normal oral epithelial cells (primary gingival epithelial cell, HGEP) (CELLnTEC Advanced Cell Systems AG, Bern, Switzerland) were grown in CnT-PR medium (15) .
Induction of differentiation toward neurons.
Since differentiating PC12 cells are easily detached by suction, and NGF-treated cells secrete growth-promoting factors, we adopted the following overlay method, without medium change. PC12 cells were inoculated at 3,125-25,000 cells/cm 2 and incubated in regular culture medium (DMEM+10% FBS) for 1 day to achieve complete cell adherence. After replacing the medium with serum-free DMEM (100 μl) containing 50 ng/ml NGF, cells were incubated for 3 days to induce partial differentiation of cells. To induce more differentiated cells, cells were overlaid with 50 μl of fresh serum-free medium containing 100 ng/ml NGF and incubated for a further 2 days. Differentiated cells were defined as cells in which the extended neurites exceeded the longest diameter of each cell, assessed under light microscopy (EVOSfl; ThermoFisher Scientific, Waltham, MA, USA) [described in Figure 1A of (16)].
Cytotoxicity assay. PC12 cells were pretreated with NGF as described above. Human OSCC and normal oral cells were inoculated at 2.5×10 3 cells/0.1 ml in a 96-microwell plate. After 48 h, the medium was replaced with 0.1 ml of fresh medium containing different concentrations of paclitaxel. Cells were incubated further for 48 h and the relative viable cell number was then determined by the MTT method (13) . The MTT concentration was reduced from 0.2 mg/ml to 0.1 mg/ml in the experiments with neuronal cells, considering their higher sensitivity to MTT. The relative viable cell number was determined by the absorbance of the cell lysate at 560 nm, using a microplate reader (Infinite F 50 R; TECAN, Kawasaki, Japan). Control cells were treated with the same amount of DMSO and the cell damage induced by DMSO was subtracted from that induced by paclitaxel. The concentration of compound that reduced the viable cell number by 50% (CC 50 ) was determined from the dose-response curve and the mean value of CC 50 for each cell type was calculated from six determinations.
Tumor specificity of paclitaxel was determined as the ratio of CC 50 against non-malignant cells to that against malignant cells. 
Results
Confirmation of tumor specificity of paclitaxel. We first confirmed the tumor-specificity of paclitaxel. Four human OSCC cell lines derived from gingiva (Ca9-22) and tongue (HSC-2, HSC-3, HSC-4), and four human normal oral cells derived from epithelial (HGEP) and mesenchymal tissues (HGF, HPLF, HPC) were incubated with increasing concentrations of paclitaxel (0-50 μM), and cell viability was measured by the MTT method after 24 h and 48 h (Figure 1 ). It is apparent that OSCC cell lines were highly sensitive to paclitaxel as compared with normal cells. The cytotoxic effect of paclitaxel against OSCC cells was increased with prolonged incubation time. Viability of all four OSCC cell lines after 48 h was below 25% even at as low a concentration as 5 nM paclitaxel, yielding tumor specificity values of 6,960-10,000 (Table I) . Based on these results, paclitaxel showed excellent tumor specificity. Among normal oral cells, HGEP cells were slightly more sensitive to paclitaxel than mesenchymal cells (HGF, HPLF, HPC), consistent with previous findings (17) . Figure Table I. Inhibition of neurite growth by nanomolar concentration of paclitaxel. Paclitaxel at 5 nM slightly, but significantly (p<0.0001) reduced the viable cell number (indicated by arrows in Figure 1A and B). The cytotoxic effect of paclitaxel on differentiated PC12 cells was also increased with prolongation of treatment time (compare Figure 1A and B). The reduction of cell viability was coupled with the loss of neurite formation induced by 5 nM paclitaxel (Figure 2 ). This phenomenon was observed as early as at 24 h after treatment regardless of the inoculated cell density (3.1-12.5×10 3 /cm 2 ) (Table II) , although a slight decrease in neurotoxicity of paclitaxel was observed at higher cell densities ( Figure 1A and B) .
Cytotoxicity of paclitaxel towards rat neuronal cells compared to that towards human non-malignant and malignant cells. Differentiated rat PC12 cells (day 5) inoculated at different density (3,125-25,000 cells/cm 2 ) (A, B), human normal epithelial (HGEP) and mesenchymal cells [human gingival fibroblast (HGF), human periodontal ligament fibroblast (HPLF), human pulp cell (HPC)] (C, D), and human oral squamous cell carcinoma cell lines derived from gingiva (Ca9-22) and tongue (HSC-2, HSC-3, HSC-4) (E, F) were treated for 24 (A, C, E) or 48 h (B, D, F) with the indicated concentrations of paclitaxel, and relative viable cell number was determined by MTT method. Each value represents the mean from six determinantions. The 50% cytotoxic concentration (CC 50 ) of paclitaxel is listed in
Taxanes induce cytostatic growth inhibition of differentiated PC12 cells. Docetaxel, analog of paclitaxel, showed cytostatic growth retardation, in similar fashion to paclitaxel, whereas doxorubicin, 5-FU and gefitinib were cytotoxicity (CC 50 =44, 7,500 and 32,000 nM, respectively) ( Figure 3 ).
Protective effects of antioxidants. All antioxidants showed cytotoxicity at high concentrations. The CC 50 of DHA, ALC, NAC and sodium ascorbate was 0.0061, 9.8, 6.3 and 0.33 μM, respectively (Exp. 1 in Figure 4 ). These antioxidants slightly stimulated the growth of differentiated PC12 cells at lower concentrations. The maximum growth stimulation (hormesis) by DHA, ALC, NAC and sodium ascorbate was 23, 37, 27 and 12%, respectively (Exp. 2 in Figure 4 ). We next performed combination experiments with paclitaxel and either one of the antioxidants. Using the data of Figure 4 , the degree of protection against paclitaxel-induced neurotoxicity by four antioxidants was calculated ( Figure 5 ). The protective effects of DHA, ALC, NAC and sodium ascorbate were observed at relatively high concentrations for each compound (Exp. 2). The effective concentration of DHA was three orders lower than the other three antioxidants, and protective effects of sodium ascorbate were observed over a wide range from 0.125 to 1 μM. However, the maximum protective effects of DHA, ALC, NAC and sodium ascorbate were only 41, 27, 34 and 45%, respectively ( Figure 5) .
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Discussion
The present study demonstrated that paclitaxel induced neurotoxicity at concentrations comparable to that causing cytotoxicity in malignant cells. Neurotoxicity induced by amyloid-β peptides are caused by mitochondrial dysfunction and oxidative stress (18) , alteration of metal ion influx (19) , endoplasmic reticulum stress (20) and impaired autophagy (21) . Amyloid β-induced neuronal cell death may be partially alleviated by antioxidants (22) (23) (24) . DHA, ALC, NAC and sodium ascorbate protected from neuronal toxicity, but only partially ( Figure 5 ). This suggests the involvement of both oxidative and other mechanisms in paclitaxel-induced neurotoxicity.
Growth stimulation observed at low doses of toxicants and radiation is known as hormesis (25) . We recently reported that hormetic growth stimulation and inhibition of amyloid-β aggregation may be involved in the neuroprotection afforded by alkaline extract of the leaves of Sasa senanensis Rehder, available as a group III over-the-counter drug (16) . DHA, ALC, NAC and sodium ascorbate showed weak hormetic growth stimulation at low concentrations (Exp. 2 in Figure  5 ). It remains to be investigated whether the protective effects of antioxidants are due to hormesis, using terminally differentiated neuron cells where growth is stopped.
The protective effect of DHA was observed at three-order lower concentrations than that observed with the other three antioxidants, possibly due to its higher hydrophobicity: logP=6.78 for DHA vs. -0.15 for ALC, -0.15 for NAC, and -2.86 for sodium ascorbate. It should be noted that the effective range of sodium ascorbate is relatively broader. Elucidation of the protective mechanism of DHA and sodium ascorbate may allow delay of the onset or progression of dementia and neurodegenerative diseases such as Alzheimer's disease (26) .
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